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1. Introduction

The thermophysicochemical properties of slags and fluxes are of importance for
controlling the smelting, converting and refining processes. Liquidus surface and viscosity
are two important parameters of pyrometallurgical processes. They directly affect the’
overall efficiency of the process and the quality of the products. However, the data on these
properties are still lacking. Hence, the present study was undertaken with the following
“objectives: (a) quantification of effect of the oxygen potentials on the liquidus surface of
FeOx-SiOz and FeOx-CaO base slags, (b) quantification of the effect of several fluxing
components on the liquidus surface of FeOx-SiOz and FeOx-CaO base slags, and (c)
clarification of some disputable discrepancies between the results which have been
reported in literatures concerning the effect of oxygen potential and several fluxing
components on the liquidus temperature and the viscosity of slags and fluxes. Based on the
present results, the important implications in some pyrometallurgical processes were
discussed.

2. Development of modeling and methodology for evaluating liquidus surface

Following the previous works on the thermodynamic modeling for some complex sulfide
systems, the methodology for evaluating the liquidus surface in the oxide systems was



developed and employed in the present study, which consists in the construction of new

types of liquidus surface diagrams that correctly simulate the slag behavior in various

pyrometallurgical processes and give unequivocally the effect of fluxing components and

oxygen potential on the liquidus surface. These diagrams were constructed based on the

new thermophysical modeling of the slag that adequately reflects the physicochemical

properties and has reliable prediction ability. This ability was validated through a detailed

comparison of the model predictions with the existing experimental data especially at

intermediate oxygen potentials between log Poz/atm = -10 ~ -5 where most of nonferrous
pyrometallurgical processes are operated. Hence, the validation was in fact one of the main

important points in this study.

It was shown that the model prediction for the effect of Poz and fluxing components of
Al203, MgO and Cuz0O on the liquidus surface in the FeOx-Ca0-SiOz system at 1300°C
agree very well or within the experimental error and uncertainty with the existing data.
This gives confidence on the prediction ability of the model which is used for the
construction of the new types of the diagrams.

3. Construction of new types of diagrams

It was shown that the way of representing multicomponent liquidus diagrams is of
considerable importance if correct conclusions need to be drawn about the
thermophysicochemical properties of the slags and the effect of fluxes and minor
components. Several new types of diagrams were introduced which are special
combinations of new concepts of presentations. These are related to the oxygen potential
(diagrams given at constant Poz, constant CQz/CO and/or in equilibrium with another

liquid phase), to the special dimensions (diagrams given as a function of Fe/SiOz or Fe/CaO
ratio and one other component and/or at a constant content of one component if more than
four components are present) and to the temperature (polythermal and isothermal
diagrams).

The liquidus surface at a constant oxygen potential in the FeOx-SiOz and FeOx-CaO base
slags was evaluated in the polythermal and isothermal diagrams. The liquidus surfaces of
FeO-Fe203-8i02-Ca0 system at 108 atm were given in the forms of CaO versus Fe/SiO:
ratio or SiOz versus Fe/CaO ratio. It was demonstrated that these diagrams can present
very clearly the effect of fluxing components of CaO and SiO: in the FeOx-SiOz and
FeOx-Ca0 base slags, respectively. The liquidus surfaces in the multi-component
FeO-Fe203-Si02:Ca0-Al203-MgO slags also could be successfully expressed in the form of
fluxing component (Al203 or MgO) versus Fe/SiOz or Fe/CaO with a given CaO or SiO:
content.

A special thermodynamic interpretation was dedicated to the diagrams at a constant
CO2/CO ratio as well as the diagrams saturated with another liquid phase. It was shown
that the slag liquidus surface at a constant CO2/CO ratio is a convenient way for describing
the slag liquidus surface and the effect of minor components in those processes, such as
slag solidification, where the oxygen potential changes continuously. It could describe more



dynamically the effect of oxygen potential and clarify the relation between the CO2/CO
ratio and the oxygen potential in terms of the liquidus surface. The analysis of the
variation of Poz and CO2/CO showed that, during slow equilibrium cooling although the
oxygen potential changes continuously, the CO2/CO ratio stays almost constant.
Consequently, this new type of diagrams at a constant CO2/CO ratio also could simulate the

slow cooling process of the industrial slag.

4, Effect of oxygen potential on phase relations and liquidus surface

The liquidus surface of FeO-Fe203-Si02-Ca0 system has been studied so far in
equilibrium with metallic iron or in air and the data at intermediate oxygen partial
pressures are missing. Hence, the effect of oxygen potential, ignored until that moment in
all pyrometallurgical processes, was quantified for the first time and properly analyzed in
the present study. The several diagrams were given for both FeOx-SiOz and FeOx-CaO base
slags as well as iron sintering materials which unambiguously show the important effect of
oxygen potential on the liquidus surface. It was found that a change of Poz can totally
change the phase relations and the slag liquidus surface. It was also found that fayalite
may not exist at some intermediate oxygen partial pressures, making the name “fayalite
slag” totally irrelevant. It was suggested that the effect of Poz is not uniform and should
not be generalized since it depends on the particular set of conditions such as the slag
composition, minor components ete.

The effect of CO2/CO ratios and oxygen potentials on the liquidus temperature were also
quantified and the contradictions often found between the microscopic results of laboratory
quenching measurements and slowly cooled solidified smelting slags from the industrial
practice were clarified. It was shown that there is a fundamental difference between the
quenching and slow equilibrium cooling of an iron oxide slag at intermediate oxygen
potentials in terms of the primary precipitate phases, the effect of minor components, the
mineralogical composition of the solidified slag, etc. The constructed diagrams at a
constant CO2/CO ratio shed light in the understanding of the slag solidification process and
the solidified slag mineralogy, which are recently becoming important in the environmental
point of view.

5. Effect of fluxing components on liquidus surface .

The effect of several fluxing components such as Al203, MgO and Cuz0 on the liquidus
surface in the FeO-Fe203-Si02-CaO base slags has been quantified through the use of new
types of polythermal and isothermal diagrams. A detailed analysis has been carried out for
each component and the most important points on the effect of each of them have been
highlighted.

The effect of Al2O3 on the liquidus temperature at Poz of 108 atm and several Fe/SiOz
ratios was evaluated. It was found that, in the low CaO region corresponding to “fayalite”
slag, the liquidus temperature on the spinel surface increases by 6-8 degree per positive %
increment of Al203. At a high CaO region, however, nearby Ca28i0O4 saturation, the effect of
Al203 was not significant, and the difference in the liquidus temperature between Fe/SiOz



=1.1 and 2.3 was not considerable. However, in coexistence with metallic iron, the liquidus
temperature decreased on the olivine surface by addition of Al2O3. As for the effect of MgO,
it was found that MgO in some cases stabilizes the spinnel phase and decreases
significantly the liquid region, but in another case MgO suppresses the formation of solid
silica. It has been found that the effect of each of these fluxing components on the liquidus
surface is far from being uniform. Their effect could not be generalized since it was specific
for a specific set of conditions. It was also pointed out that the effect of the same fluxes can
be different not only quantitatively but also qualitatively between the conditions in the

oxidative and reductive processes.

6. Implications of the present results in pyrometallurgical processes
The direct implications of the results of present work in the pyrometallurgical

processes have been demonstrated in two directions : (a) in developing new smelting and

processing technologies, and (b) in evaluating and optimizing process parameters and
operating conditions in the existing processes.
The following examples have been described and discussed.

(1) Availability of the newly proposed “ferrous calcium silicate” slag in copper continuous
converting. It was found that the new diagrams presented in the present work could
quantify in an unambiguous way the liquidus surface of this slag and the effect of
oxygen potential and minor components and consequently its availability in copper
smelting processes.

(2) Optimization of iron ore sintering “slags” in order to avoid the early meltdown in the
blast furnace. It was found that the oxygen potential and the minor component play a
considerable role in creating or eliminating the conditions of early meltdown in the
blast furnace.

(3) Optimization of the slag viscosity through the quantification of the liquidus surface
and its close relation with the viscosity. The effect of several factors such as oxygen
potential, Fe:O3 and Fe/SiO2 ratio were clarified, and it was found that the effect of
fluxes on the viscosity of the slag should be considered in close relation with the slag
liquidus temperature otherwise wrong conclusion may be drawn. Contrary to a long
time incorrect belief, it was given in the present study that, at a certain set of
conditions, a particular component may be a good flux in term of the liquidué.
temperature and a bad one in terms of the viscosity. It was also clarified that the effect
of a flux on the viscosity and the liquidus temperatures is not uniform and should not
be generalized.

(4) Evaluating the process parameters and operating conditions in various pyro-
metallurgical processes. It was found that the quantification of the liquidus
temperature and the viscosity are of very importance for smelting processes and the
use of new diagrams presented in the present study makes very effectively the proper

quantification of these slag properties.
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